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Abstract 


Long-term stability and durability of gaskets in Polymer Electrolyte Membrane (PEM) fuel cell is critical to both sealing and the electrochemical 
performance of the fuel cell. In this paper, the time-dependent chemical and mechanical degradation of silicone rubber, which is one of the potential 
gasket materials for PEM fuel cells, was investigated. Test samples were subjected to a constant compressive load to simulate the actual loading 
on seals and soaked in a simulated PEM fuel cell environment. Based on actual PEM fuel cell operation, two temperatures 60 °C and 80°C were 
selected and used in this study. The optical microscopy was used to reveal the topographical changes on the sample surface. Atomic absorption 
spectrometer analysis shows that silicon, calcium and magnesium were leached from the material into the soaking solution. Attenuated total 
reflection Fourier transform infrared (ATR-FTIR) spectroscopy was employed to study the surface chemistry of the silicone rubber before and 
after exposure to the test environment. The ATR-FTIR results indicate that the surface chemistry changed significantly via de-crosslinking and 
chain scission in the backbone for the material over time. The microindentation test was used to assess the change of mechanical properties of 
the material before and after exposure to the environment. It was found that the mechanical properties of the silicone rubber material changed 


significantly and both the temperature and the exposure time have direct effect on the stiffness of the material. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Polymer Electrolyte Membrane (PEM) fuel cell stack 
requires elastomeric gaskets and seals in each cell to keep the 
reactant gases (hydrogen and oxygen) within their respective 
regions. The elastomeric gaskets used as seals in fuel cell are 
exposed to acidic environment, humid air and hydrogen, and sub- 
jected to mechanical compressive load. If any gasket degrades or 
fails in PEM fuel cells, the reactant gases (Hz and O2) can leak 
overbroad or mixed with each other directly during operation or 
during standby. It affects not only the overall operation reducing 
the efficiency of the performance but also poses safety con- 
cern. In addition, gasket as seal in fuel cells must be flexible to 
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allow compression of the stack in order to keep intimate contact 
between all components in the cells. If any gasket degrades (e.g. 
hardening), the gasket may lose its functionality, thus affecting 
the durability of the fuel cell operation. Furthermore, the leached 
materials (e.g. calcium) from the gasket can poison the cell and 
reduce the fuel cell voltage and durability. Understanding the 
seal degradation mechanisms is a scheduled, funded task within 
the Department of Energy plan for the development for PEM- 
FCs [1]. The magnitude of the opportunity is evident when one 
realizes that 0.4 km of seal is required for a 100 kW fuel cell oper- 
ating at present-day power densities of 0.7 W cm~? (estimated 
for a stack with 200 cells of 714 cm? active area). 

Silicone rubber materials are widely used as sealing materi- 
als in many industrial applications including fuel cells because 
of their low cost and ease in fabrication [2,3]. There are many 
published reports regarding the degradation of silicone rubbers 
[2-19] in various environments. For example, Zhu et al. [6] stud- 
ied the surface degradation of silicone rubber exposed to corona 
discharge. Gustavsson et al. [14] reported the results of aging of 
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Scheme |. The crosslinking reaction for the silicone rubber. 


silicone rubber under ac or dc voltages in a coastal environment. 
A review on the effects and degradation process of silicones in 
the environment can be found in Graiver et al. [15]. Tan et al. 
[16,17] reported the degradation of elastomeric gasket materials 
in a simulated fuel cell environment. Although there is a substan- 
tial literature concerning the degradation of silicone rubber, few 
results were reported for the degradation and its mechanisms of 
silicone rubber materials under compressive load in PEM fuel 
cell environment. 

In this paper, the chemical and mechanical degradations of a 
silicone rubber material under a constant compressive load in a 
simulated fuel cell environment were investigated. The aim of 
the present study is to investigate the degree of degradation and 
its mechanisms for the silicone rubber samples subjected to com- 
pressive load and exposed to the environment. The compressive 
load is to simulate the actual loading applied to the seal/gasket 
during service. An accelerated durability test (ADT) solution 
and two temperatures were used in the short-term, accelerated 
aging tests of the gasket material. Surface changes were exam- 
ined using optical microscopy and weight loss was monitored 
on the samples at selected exposure times. The chemical degra- 
dation on the surface of the silicone rubber after exposure to 
the simulated fuel cell environment over time was studied using 
ATR-FTIR spectroscopy. Atomic absorption spectrometry was 
also used to identify the chemicals leached from the silicone 
samples into the soaking solution. The microindentation test 
method was used to assess the change of mechanical properties 
of the material before and after exposure to the environment. 


2. Experiments 


2.1. Material and simulated fuel cell environment 


The material used in this study is the elastomeric gasket 
material, silicone rubber, which is one of the commercially 
available gasket materials. The rubber is a two-part formu- 
lation liquid injection molded material. It mainly contains 
polydimethylsilicoxane with vinyl functionalities in part I and 
polydimethylsilicoxane with hydrosilylation functionalities in 


part II. The parts I and II (1:1) were combined and heated to 
crosslink under the platinum catalyzed reaction. The crosslink- 
ing mechanism is hydrosilylation. The chemical structures of the 
material used in our study are shown in Scheme 1. The possible 
reaction mechanism of crosslinking is also included in Scheme 1. 
The fillers inside the material mainly include silica, quartz and 
calcium carbonate. 

An ADT solution for short-term accelerated aging tests was 
used as the simulated fuel cell environment for this study. Forty- 
eight percentage of HF and 98% H2SO4 were dissolved in 
balance reagent grade water to make the ADT solution. The 
final composition of the ADT solution is 1 M H2SOq4, 10 ppm 
HF and reagent grade water having 18 MQ resistance as the 
exposure medium. 

The test temperatures were 80°C and 60 °C, which are close 
to the operating temperatures of actual PEM fuel cells. 


2.2. Aging and characterization methods 


Rectangular-shaped specimens from the silicone rubber 
material were prepared. The dimensions of the samples are 
65mm in length, 10mm in width, and 1.0mm in thickness. 
The samples were sandwiched between two Plexiglas plates and 
applied a dead weight 76 N giving a pressure of 0.12 MPa to the 
test sample. As shown in Fig. 1, the sample and the fixture were 
placed in a larger polypropylene bottle containing ADT solu- 
tions. The larger bottle was then put in an oven with 80°C and 
60°C for 1-26 weeks. The samples were taken out every one or 
2 weeks for examination. The change in weight over time was 
monitored on the samples. The surface conditions of the sam- 
ples were examined using optical microscope (Leco, OLYMPUS 
PME-3) at selected times. 

The ATR-FTIR spectroscopy was performed on the surface 
of the samples using a Nexus Model 670 Instrument (Nicolet 
Instrument Corporation) and run with 128 scans at a resolution 
of 4cm7!. The infrared radiation (IR) penetrates the surface of 
the test sample to approximately 1 wm. In order to avoid the 
effect of the remaining ADT solution on the sample surface on 


784 J. Tan et al. / Journal of Power Sources 172 (2007) 782-789 


Polypropylene Polypropylene 
bottle bottle 
ADT 
S| Cin 
| RSRS RRR: 
P lexiglas plate OOO OOOOOOOL OF} 
Sample 


Be eeateteten RRR 
ae 


Fig. 1. Schematic representation for tests under the compressive load. 


the ATR-FTIR results, the surface of the sample was cleaned 
using reagent grade water having 18 MQ resistance to remove 
the excess acids and made dry at room temperature before the 
ATR-FTIR analysis. 

In addition, the solution exposed to each sample was taken 
out at selected time and analyzed for leachants using atomic 
absorption spectrometry (Perkin-Elmer 3300). 

In order to assess the mechanical properties of the samples 
before and after exposure to the environment under the compres- 
sive load, microindentation tests were performed on the samples 
before the test and after 12 weeks. The microindenter (CETR, 
Campbell CA) monitors and records the load and displacement 
of the indenter. The tip of the indenter is a stainless steel ball 
with a radius of 1.98 mm. The instrument has a force resolution 
of 0.5 mN and a displacement resolution of 0.1 um. In all anal- 
yses, the materials without exposure to the ADT solution were 
also characterized for comparison. 


3. Results and discussion 
3.1. Weight change 


The samples were taken out from the test chamber at selected 
times. The surface of the sample was carefully cleaned using 
reagent grade water having 18 MQ resistance to remove the 
excess acids and made dry at room temperature before the weight 
change was monitored. The percent weight loss, WL, was cal- 
culated using the following equation: 


_ Wi - We 
1 


WL x 100 (1) 
where W; is the initial weight of the sample in air and W3 is the 
weight of the aged sample in air. 

Fig. 2 shows the change of weight over time at the two tem- 
peratures. In the figure, SS80 and SS60 represent the silicone 
material at 80 °C and 60°C, respectively. It is shown that weight 
loss increased with exposure time for the samples. The weight 
loss for the sample at 80°C was more than that at 60°C repre- 
senting the temperature effect. The trend of weight loss in this 
study is similar to those in our previous work [16,17] in which 
samples were not subjected to mechanical compressive load. 

Test results of percent weight loss per square centimeter are 
listed in Table 1. Data from our pervious study [17] which had no 
mechanical load applied to the samples are also listed in Table 1 
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Fig. 2. Weight loss with exposure time from the test samples at 60 °C and 80°C. 


for comparison. At 80°C, very similar results are obtained for 
the two sets of data. However, a significant difference between 
the two sets of data, roughly 15—18 times, is observed for those 
samples tested at 60°C. It indicates that the mechanical com- 
pressive load is more important in weight loss at 60°C while the 
temperature effect becomes dominant at 80°C, which masked 
the effect due to the mechanical load. 

Overall, it is concluded from this study that (a) temperature 
has a significant effect on the weight loss such that the silicone 
has more weight loss at higher temperature, (b) the mechanical 
compressive load accelerated the weight loss at lower tempera- 
ture, i.e. 60 °C, and (c) the effect due to mechanical compressive 
stress at the higher temperature 80 °C is not observed. 


3.2. Microscopy 


Optical microscopy was used to visually observe the degra- 
dation of the surface of the material in our study. Fig. 3 shows 
the optical micrographs from the samples before and up to 26- 
week exposure to ADT solution at 80°C or 60°C under the 
compressive load. The magnification used was 500 x. The pho- 
tos (a)-(g) are from the surface where the dead weight load is 
applied and (h)-(k) are from the side surface of the samples 
where solution was always in contact with the samples. The 
optical micrographs in Fig. 3(a)—-(e) shows the typical surface 
conditions for the sample before exposure and after 5-week, 10- 
week, 12-week and 26-week exposure to the ADT solution at 
80°C. The typical optical micrographs from the sample after 
12-week and 26-week exposure to the ADT solution at 60°C 
are shown in Fig. 3(f) and (g). The typical optical micrographs 
for the samples before exposure and after 3-week and 12-week 


Table 1 
Percent weight loss per square centimeter of the test samples 


Exposed environment Exposed time (weeks) 


3 5 7 10 
ADT solution at 80°C [17] 0.332 0.646 0.935 1.374 
ATD solution at 80°C with 0.367 0.614 0.898 1.447 


compressive load 


ADT solution at 60°C [17] 0.014 0.022 0.027 0.035 


ATD solution at 60°C with 0.260 0.331 0.466 0.609 


compressive load 
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Fig. 3. Optical micrographs of the surface of the test samples where (a)—(g) are from the surface where the dead weight load is applied and (h)-(k) are from the side 
surface. (a) Before exposure, and after (b) 5-week, (c) 10-week, (d) 12-week and (e) 26-week exposure at 80°C; (f) 12-week and (g) 26-week exposure at 60 °C; (h) 
before exposure, (i) 3-week and (j) 12-week exposure at 80 °C; (k) 12-week exposure at 60°C. 


exposure to the ADT solution at 80°C, and 12-week exposure 
to the ADT solution at 60 °C are also shown in Fig. 3(h)-(k). 

It can be seen from Fig. 3 that the surface conditions of the 
samples were changed over time from initially smooth to rough, 
crack appearance and finally crack propagation. The crack size 
increased with exposure time (see Fig. 3(d) and (e)). The extent 
of surface damage at 80°C is more severe compared to 60°C 
under identical conditions (see Fig. 3(d) for 80 °C, (£) for 60°C, 
(e) for 80°C and (g) for 60°C). Furthermore, the extent of 
damage on the side surface (see Fig. 3(i)-(k)) which has direct 
contact with the solution is more severe compared to the surface 
in contact with the applied dead weight (see (b), (d) and (f)). 

It can be concluded that (a) the surface topography of the 
silicone rubber material exhibits time dependent degradation 
and (b) temperature and exposed medium have significant effect 
on the degradation. 


3.3. ATR-FTIR 


ATR-FTIR analysis was performed on the silicone rub- 
ber samples before and after exposure to the environment. 


Figs. 4 and 5 show the ATR-FTIR results for the samples at 
80°C and 60°C, respectively, up to 12-week exposure. 

The strongest and broadest peaks for the unexposed samples 
(shown in Figs. 4(A-a) and 5(A-a)) are between 1015 cm7! and 
1080cm! due to the stretching vibrations of Si-O-Si present 
in the silicone rubber backbone. It can also be seen that the long 
chain siloxanes have two broad IR peaks near 1015 cm7! and 
1080cm7!. The peaks at 1260cm7! and 866cm™! are from 
the bending vibration of Si-CH3 and the rocking vibration of of 
Si-CH3. The peaks at 2960 cm7! (shown in Figs. 4(B) and 5(B)) 
are from the stretching vibration mode of CH3. The peaks near 
1418/1415 cm7! (Figs. 4(A) and 5(A)) are from the rocking 
vibration of -CH2- as a part of the silicone rubber crosslinked 
domain. The correspondence bewteen the wavenumber and the 
vibration mode is from the handbook [20]. 

The intensity of the peaks between 1015cm™! and 
1080cm7! decreased sharply after 5-week exposure and almost 
disppeared after 10-week exposure at 80°C (see Fig. 4). Simi- 
lar trends can be seen for the characteristic peaks at 866cm~!, 
1260cm7! and 1418cm7! in Fig. 4(A). In Fig. 4(B), simi- 
lar trend at 2960cm7! is observed. Simultaneously a group of 
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Fig. 4. Comparison of ATR-FTIR test results for the sample exposed to ADT 
solution at 80°C and subjected to the compressive load: (a) without exposure, 
after (b) 3-week, (c) 5-week, (d) 7-week, (e) 10-week and (f) 12-week exposure. 
ATR-FTIR spectra from (A) 800cm7! to 1450cm7! and (B) 2500cm7! to 
3500 cm™!. 


new peak emerges at the spectrum near 1040cm7!, which is 
likely from the stretching vibration of Si-O as a consequence of 
chemical changes. 

The trends observed at 60°C (Fig. 5) are simlilar to those in 
80°C (Fig. 4). The intensities of the peaks at 1015cm7! and 
1080 cm7}, 866 cm™!, 1260cm7!, 1415 cm7! and 2960.cm™!, 
decreased sharply after 5 weeks and then almost disppeared 
after 12 weeks as shown in Fig. 5. A new peak was emerged at 
the spectrum near 1040 cm7!, which is likely due to stretching 
vibration of Si—O as the chemistry changes. 

It is observed from this ATR-FTIR study that there are signif- 
icant chemical changes in rubber backbone and the crosslinked 
domain for the silicone rubber samples tested in this condition 
over time. The degradation mechanisms of the silicone rubber 
could be due to de-crosslinking via hydrolysis of crosslink sites 
and chain scissoring in the backbone in the test environment. 
The chemical change in the silicone rubber backbone could be 
due to the attack of the Si-O-Si by the strong acid (pH< 1), 
especially Fluoric acid, to form Si-OH. And, then the Si-OH 
could be converted to Si-O. Although the main chain Si-O-Si 
in silicone rubber is stable, the Si-O-Si can be atacked/damaged 
in strong acidic enviroment and this caused significant chemical 
change [15,18,19,21]. 

Scheme 2 shows the possible de-crosslinking reactions at 
crosslink sites of the silicone rubber and combination reactions 
upon prolonged exposure to the environment. At the crosslink- 
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Fig. 5. Comparison of ATR-FTIR test results for the sample exposed to ADT 
solution at 60 °C and subjected to compressive load: (a) without exposure, after 
(b) 3-week, (c) 5-week, (d) 7-week, (e) 10-week and (f) 12-week exposure. 
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ing sites (see Schemes 1 and 2), there exist the bonds of C-C, 
C-H and C-Si. The bond dissociation energies of C-C, C—H and 
Si-C are 334kJ mol~!, 414kJ mol! and 301 kJ mol” !, respec- 
tively [22,23]. Therefore, the decrease in the intensity of the peak 
near 1418/1415 cm7! (shown in Figs. 4(A) and 5(A)) as a man- 
ifestation of chemical change in the silicone rubber crosslinked 
domain is most likely due to the damage of the Si-C through 
the hydrolysis to form Si-OH as shown in Scheme 2. Upon 
prolonged exposure to the solution, the Si-OH groups could 
be combined to form the new Si—O-Si and this results in new 
crosslinkages as shown in Scheme 2. 

The decrease of the intensity peak at Si-CH3 as shown in 
Figs. 4(A) and 5(A) reflects the chemical change which could be 
simialr to that at Si-CHo in crosslinking sites to form Si-O. The 
Si-O could then be combined with other Si—O to form the new 
Si-O-Si. Consequently, the intensity peak at-CH3 decreased 
and finlally disappeared in Figs. 4(B) and 5(B). These had caused 
a decrease in the ratio of C/Si and an increase in O/Si as revealed 
by our XPS results [16]. 


3.4. Atomic absorption spectrometry 


The atomic absorption spectrometry was employed to ana- 
lyze the solution to identify potential materials leached from 
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Scheme 2. The de-crosslinking reaction at crosslinked sites of the rubber and 
combination reaction. 


the silicone rubber samples into the soaking solution. Silicon, 
calcium and magnesium were studied and identified in the solu- 
tion. Fig. 6 shows the silicon, calcium and magnesium values 
for the samples exposed to ADT solution at 80°C and 60°C 
at the selected times. It can be seen that the silicon ions have 
the highest concentration in the solution, followed by calcium 
and magnesium ions. The concentration of the magnesium ions 
is very low and near zero after 10-week exposure. The concen- 
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Fig. 6. The silicon, calcium and magnesium values with exposed time for the 
samples. 
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Fig. 7. Load-indentation depth curves for virgin sample (a) and after 12-week 
exposure at 80°C (b) and 60°C (c) at a peak indentation depth of 0.20 mm. 


tration of leached silicon and calcium ions are not negligible 
however and increased with exposure time and temperature. 

It is noted that fillers in elastomeric compounds are required 
to enhance the mechanical properties, e.g. tensile strength, 
hardness, resistance to compression set, for gasket or sealing 
applications. Our study indicates that when the gasket sam- 
ples were submerged in the simulated PEM fuel cell solution, 
some of the fillers such as silicon dioxide and calcium carbon- 
ate were attacked by the solution. Consequently, silicon, calcium 
and magnesium were formed and detected in the soaking solu- 
tion. These chemicals may be detrimental to the electro-chemical 
process of PEM fuel cells. 


3.5. Microindentation test results 


3.5.1. Indentation load 

Microindentation load-indentation depth data contains much 
information from which mechanical properties such as elastic 
modulus can be determined [24,25]. Fig. 7 shows the indentation 
load-indentation depth curves for the virgin silicone rubber sam- 
ples (SS00) and samples after 12-week exposure at 80 °C (SS80) 
and 60 °C (SS60). Displacement controlled test was used in this 
test at a peak indentation depth of 0.20 mm. Here, we use the 
indentation load at the peak indentation depth as a manifestation 
of the surface hardening of the samples. Fig. 8 shows bar charts 
of indentation load for the samples before exposure (SS00), and 
after 12-week exposure at 80°C (SS80) and 60°C (SS60) at a 
peak indentation depth of 0.20 mm. In Figs. 7-9, SS00, SS80 
and SS60 represent the unexposed sample, the exposed samples 
at 80°C and 60°C, respectively. From Figs. 7 and 8, the sample 
exposed to the ADT solution at 80 °C has the largest indentation 
load, followed by the sample at 60 °C and then the vrigin sample. 
The results indicate that the samples exposed to the environment 
and subjected to the compressive load hardened overtime. The 
extent of the surface hardening at 80°C is slightly more than 
that at 60°C. 


3.5.2. Hertz contact modeling 
Hertz contact theory was often used to obtain the elastic mod- 
ulus from the indentation load-indentation depth curves [26]. 
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Fig. 8. Barcharts of indentation load for at the peak indentation depth of 0.20 mm 
for the three samples; virgin (SS00), after 12-week exposure at 80°C (SS800) 
and 60°C (SS60). 


Based on the Hertz theory of elastic contact, considering the 
contact between a rigid sphere (the indenter tip) and a flat sur- 
face (the silicone rubber sample), the relationship between the 
total displacement of both the indenter and sample ô, and the 
normal load P can be written as [26]: 


9p? 1/3 
ô= | —— 2 
eS © 
where R is the radius of indenter. E” is a combination of the 
modulus of the indenter and the sample and can be given by: 


2 = 
1 — 1- Vindenter l Vsample 3 
-= 4 (3) 
E Eindenter E sample 


where Eindenter and Esample are the elastic modulus of the indenter 
and the sample, and Vindenter aNd Vsample are the Poisson’s ratios of 
the indenter and the sample, respectively. Eq. (2) can be rewritten 
as: 


3 
E* = 5715 4 
4/R oo 


When a rigid indenter compresses a soft flat sample like the 
silicone rubber sample used in this study, ô is the depth of the 
indentation because the steel indenter’s deformation is negligi- 
ble relative to that of the rubber sample. Based in Eq. (4) and 
experimental indentation load and indentation depth, the elastic 


8.0 
7.0 
6.0 
5.0 
4.0 
3.0 
2.0 


Elastic modulus (MPa) 


1.0 


0.0 


SS00 SS60 $S80 


Fig. 9. Elastic modulus of the virgin sample and exposed samples at 80°C and 
60°C for 12 weeks. 


modulus of the sample can be obtained. The elastic modulus and 
Poisson’s ratio of the stainless steel indenter tip were assumed 
as 2.0 x 10!! Pa and 0.3, respectively [24]. The Poisson’s ratio 
for the silicone rubber sample was assumed as 0.49 [25]. Com- 
bining Eqs. (4) and (3), the elastic moduli for the samples were 
calculated and are shown in Fig. 9. It can be seen that the sample 
exposed to the ADT solution at 80°C shows the highest elastic 
modulus, followed by the sample at 60°C and then the unex- 
posd sample. The result is in agreement with the indentation 
load result as shown in Fig. 8. These results indicate that the 
elastic modulus changed significantly, i.e. the material becomes 
stiffer, after exposed to the solution and under the compressive 
load. 


4. Conclusions and future work 


Degradation of silicone rubber, a commercial available elas- 
tomeric gasket material used as sealing in fuel cell, was studied 
in a simulated PEM fuel cell solution and under constant com- 
pressive load. The following conclusions can be made. 


(1) The silicone rubber materials degraded under the test 
conditions. Temperature has a significant effect on the 
degradation, i.e. the higher the temperature, the faster the 
material degraded. The mechanical compressive load accel- 
erated the degradation as seen by weight loss at 60°C. At 
the higher temperature 80°C, the effect due to mechanical 
compressive stress is not observed in this work. 

(2) Optical microscopy shows that the degradation started from 
increasing surface roughness and finally cracks after expo- 
sure to the environment over time. 

(3) Atomic adsorption spectrometry identified silicon, calcium 
and magnisium leached from the gasket materials into the 
soaking solution. Among them, the silicon ions show the 
highest concentration in the solution. The concentration 
of these leached silicon and calcium ions increased with 
exposure time. 

(4) ATR-FTIR results reveal that the surface chemistry changed 
significantly as an indication of the chemical degradation of 
the silicone rubber material. The degradation mechanisms 
of the silicone rubber could proceed via de-crosslinking 
through hydrolysis of crosslink sites and chain scissoring 
in the backbone accompanied with the damage of the fillers 
in the material. 

(5) Microindentation test results show that the surface hard- 
ening occured and the elastic modulus increased for 
the exposed samples. The results indicate that chemical 
degradation or mechanical compressive load affected the 
mechanical properties. 

(6) Current work is to show the fundamental degradation and 
degradation mechanisms on the silicone rubber material in a 
simulated PEM fuel cell environment under the compressive 
load. The chemical degradation and applied compressive 
load may affect not only the mechanical properties of the 
material, but also electrochemical performance of the cell 
and therefore the durability of the PEM fuel cells. Studies 
on the degradation in mechanical properties of the material 


J. Tan et al. / Journal of Power Sources 172 (2007) 782-789 789 


after exposure to the environment under various compres- 
sive loads is under investigation and will be reported later. 
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